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20.  Abstract  - continued 


^^Electromechanical  drilling  of  nickel-base  alloys  Is  most  effective  at 
potentials  in  the  transpassive  range  of  the  polarization  diagram  for  the  work- 
piece  tn  an  aqueous  Na.SO^  electrolyte.  On  the  other  hand,  the  penetration 
rate,  tool  life,  cutting  forces  and  hole  surface  finish  experienced  when  drill- 
ing 4140  steel  are  far  superior  at  active  rather  than  passive,  or  neutral, 
potentials.  These  observations  indicate  the  importance  of  proper  selection 
of  electrolytes  and  cutting  potentials  for  each  alloy  of  interest.  Investiga- 
tions showed  that,  at  handbook  recommendations  for  cutting  speeds  and  feeds, 
electromechanical  turning  of  4il*0  steel  was  superior,  in  terms  of  cutting 
forces,  to  conventional  turning.  A portable,  EMM  control  console,  consisting 
of  a 10-amp  potentlostat,  power  supply,  and  related  control  for  thermoelectric 
currents,  was  assembled.  (R.  Latanision  and  K.  Nielsen) 
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The  basic  object i ye  of  this  program  is  to  apply  to  metal  cutting  our 
fundamental  understanding  of  the  enyi ronment-sens! ti ve  mechanical  behavior 
of  metals  — understanding  which  has  been  developed  at  Martin  Marietta 
Laboratories  and  Rock.  Island  Arsenal's  GEN  Thomas  J.  Rodman  Laboratory 
over  several  years.  In  particular,  we  expect  to  develop  the  new  material- 
removal  technique  called  'Electromechanical  machining  (EMM)"  to  the  stage 
where  it  can  be  used  In  manufacturing  operations. 

In  the  first  year  of  this  program,  Phase  I,  the  thrust  of  our  effort 
was  directed  toward  establishing  the  feasibility  of  EMM.  This  was  demon- 
strated In  the  case  of  polycrystalline  nickel  workpieces  cut  on  a shaper, 
nickel  being  chosen  as  an  expedient,  since  the  electrochemical  and  mechan- 
ical behavior  of  the  Ni-IN  H2SO4  system  is  well  characterized.  Nickel  is, 
of  course,  the  base  for  many  commercially  important  superalloys,  one  of 
which  — Hastelloy  X — has  been  shown  to  be  amenable  to  electromechanical 
assistance.  During  Phase  I,  we  also  examined  the  combination  of  EMM  and 
thermoelectric  compensation  In  order  to  achieve  superior  cutting  perform- 
ance. This  work  is  documented  in  the  final  report  for  Phase  I1  and,  in  a 
condensed  form,  in  a publication? 

In  its  second  year,  Phase  II,  the  program  was  directed  toward  applying 
EMM  to  the  drilling  and  turning  of  commercial  alloys,  particularly  weapons 
materials.  It  is  clear  the  EMM  must  be  taken  beyond  its  use  with  a shaper 
(which  presents  a simple  tool -workpiece  system  for  evaluation,  but  is  not 
of  great  practical  significance),  to  more  typical  manufacturing  machinery. 
In:tbe  following  sections,  we  first  describe  electrolyte  selection  and  then 
the  extension  of  EMM  concepts  to  Electromechanical  Drilling  (EMD)  and 
Electromechanical  Turning  (EMT)  of  4140  steel  and  CG27,  a superalloy. 


The  final  quarter  of  Phase  II  was  devoted  to  the  design  and  construc- 
tion of  a prototype  EMM  Control  Console  for  delivery  to  Rock  Island  Arsenal 
That  effort  also  Is  described  in  this  report. 


APPROACH 


In  EMM,  metal  removal  occurs  by  direct  contact  of  a tool  with  an 
elect rocheml cal ly  polar! zed  workpiece.  Recognizing,  firstly,  that  the 
removal  of  material  in  conventional  metal  cutting  is  governed  by  essen- 
tially two  parameters  — namely,  friction  and  the  rate  of  work  hardening 
of  the  workpiece  — and,  secondly,  that  these  parameters  may  be  controlled 
electrochemical ly,  It  is  not  surprising  to  find  *»2  that  the  machining  of 
metals  should  be  significantly  improved  by  making  the  workpiece  an 


R.  M.  Latanision  and  K.  C.  Nielsen,  Technical  Report  R-RR-T-6-35-73,  to 
Research  Directorate,  General  Thomas  J.  Rodman  Laboratory,  Rock  Island 
Arsenal,  May  1973. 


R.  M.  Latanision,  K.  C.  Nielsen  and  R.  Ki rschbaum,  "Electromechanical 
Machining",  Modern  Machine  Shop,  p.  69,  vol  46,  February  1974. 


electrode*.  At  any  rate,  the  point  to  note  is  that,  in  EMMf metal  removal 
occurs  by  conventional  means;  and  in  principle,  any  conventional  drill 
press,  lathe,  etc.,  is  suitable  provided  the  workpiece  is  exposed  to  an 
appropriate  electrolyte.  In  this  context,  we  have  instrumented  a drill 
press  and  lathe  In  order  to  examine  the  EHD  and  EMT  behavior  of  alloys. 

RESULTS  AND  DISCUSSION: 

Electrolyte  Selection 

A considerable  effort  was  concentrated  on  the  selection  of  electrolytes 
to  be  used  with  specific  alloys  of  Interest  in  this  machining  investigation. 
It  is  important  that  the  electrochemical  action  between  the  electrolyte 
selected  and  the  material  being  machined  provide  the  necessary  characteris- 
tics for  optimum  results.  In  the  case  of  Ni  and  Nl-base  alloys,  experience 
in  Phase  I showed  that  the  polarization  curves  of  the  alloy-electrolyte 
combination  should  possess  a reasonable  passive  region,  a region  during 
which  the  electrode  Is  being  slowly  dissolved  and  a potential  range  over 
which  hydrogen  ions  are  being  discharged  at  the  electrode  surface.  More- 
over, these  conditions  should  exist  at  relatively  low  voltages. 

Eighteen  polarization  curves  were  developed  using  carefully  prepared 
specimens  of  CG27,  4140  and  nickel  in  each  of  the  following  solutions: 


H2S04 


Na2S04 

Na2P04 


Su lphuri c Aci d 
Sodium  Sulfate 
Sodi urn  Phosphate 


Na2B407  ; 10  H20 
Na2Mo04  • 2 H20 
(NH4)6  Mo7024  • 4H20 


Sodium  8orate 


Sodium  Molybdate 
Ammonium  Molybdate 


The  polarization  curves  of  CG27  alloy,  4140  steel,  and  nickel  in  each  of 
these  electrolytes  exhibit  desired  characteristics,  i.e.,  an  acceptable 
region  of  both  passivation  and  of  active  dissolution.  As  will  be  seen 
later,  it  was  discovered  that  passivating  electrolytes  are  not  the  most 
effective  for  ferrous  alloys. 

Electromechanical  Drilling 

A Rockwell  Delta  precision  drill  press  was  instrumented  for  EMC 
evaluation  In  the  form  shown  schematically  in  Fig.  1.  In  essence,  the 
methodology  is  comparable  to  that  used  in  earlier  (Phase  i)  operations 
with  a 7“ I n . shaper  — I.e.,  the  workpiece  Is  contained  In  a bath  (IN 
aqueous  Na2S04) , and  the  rate  of  penetration  of  carbide  spade  bits  is 


The  principles  of  EMM  are  discussed  at  length  in  References  1 and  2 
and  are  not  repeated  here. 
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EXPERIMENTAL  ARRANGEMENT 

ELECTRO  MECHANICAL  DRILLING 


FIGURE  1 


Schematic  of  the  Electromechanical  Drilling  Apparatus 


monitored  by  means  of  a linear  vertical  displacement  transducer  as  a 
function  of  the  potential  applied  to  the  workpiece  and  controlled  potentio- 
statlcally.  The  monitoring  equipment  --  X-Y  recorder,  ammeter,  timer,  etc. 

— Is  housed  in  a portable  control  console  with  the  power  supply. 

As  previously  noted,  the  alloys  selected  for  use  In  the  drilling  opera- 
tions are  CG27  alloy  and  1*11*0  steel.  However,  the  first  tests  were  per- 
formed with  nickel  to  establish  the  influence  of  applied  potential  on  the 
drilling  rate, and  to  verify  during  the  drilling  operation  that  the  benefi- 
cial effects  of  electromechanical  assistance  Observed  during  Phase  I ma- 
chining with  a shaper)  carry  over  Into  drilling  operations.  One  demonstra- 
tion shows  that  this  Is,  in  fact,  the  case  as  presented  in  Fig.  2.  In 
this  work,  a carbide  spade  bit  was  first  used  to  drill  two  reference  holes 
into  a polycrystalline  nickel  workpiece  immersed  in  a IN  Na2S04  electrolyte. 
Figure  2 shows  the  depth  of  penetration  (D)  as  a function  of  time  (t)  . One 
hole.  Curve  I,  was  drilled  at  an  electrode  potential  of  +1800  mV  (our 
experience  with  a shaper  suggesting  that  this  is  a superior  cutting  poten- 
tial), and  the  other,  Curve  2,  was  drilled  at  -600  mV  (a  considerably 
poorer  cutting  potential).  Notice  that  the  depth  of  penetration  and  drill- 
ing rate  (slope  of  the  curves)  is  greater  at  +1800  mV  than  at  -600  mV  — 
precisely  as  expected  from  our  experience  in  EMM  with  the  shaper.  The 
drilling  rate  at  +1800  mV  is  about  1 00%  greater  than  at  -600  mV.  Curve  3 
shows  the  effect  of  switching  from  one  extreme  potential  to  the  other  as 
the  drill  penetrates  the  electrode.  Note  that  the  rate  of  penetration 
(slope  of  the  curve)  systematically  decreases  when  the  potential  is  switched 
•fwin  +l800.iriV  to  -600  mV,  and  increases  when  the  potential  is  switched  back 
to+l800  mV,  etc.  This  shows  very  clearly  that  the  applied  electrode  poten- 
tial does  reversibly  affect  the  drilling  rate  of  nickel  electrodes.  Behav- 
ior similar  to  that  in  Fig.  2 has  been  observed  with  CG27,  an  iron-nickel - 
base  S'jperalloy,  Fig.  3. 

We  have  also  examined  the  electromechanical  drilling  behavior  of  1*11*0 
steel  (supplied  by  Rock  Island  Arsenal)  in  a heat-treated  condition,  which 
is  of  interest  to  the  Armament  Command.  The  microstructure  of  this  material, 
Fig.  1»,  is  typical  of  a tempered  martensite.  We  find,  in  fact,  that  1*1 1*0  is 
susceptible  to  electromechan i cal  control,  but  over  a different  range  of  po- 
tentials than  nickel  and  nickel-base  superalloys.  The  latter  are  difficult 
to  machine  because  they  are  characteristically  "gummy"  and  work-harden 
rapidly.  Hence,  it  might  be  expected  that  most  effective  machining  would 
occur  when  the  effect  of  the  electrolyte  is  to  harden  or  embrittle  the  work- 
piece.  This  is  precisely  our  observation.  Surface  oxide  (passive)  films 
have  the  effect  of  increasing  the  strength  and  reducing  the  ductility  of 
nickel  specimens,  and  our  experience  in  drilling,  and  in  cutting  nickel  with 
a shaper, indicates  that  electrode  potentials  at  which  films  are  present  on 
the  surface  (passive  potentials)  give  best  cutting  performance.  Conversely, 
one  anticipates  that  the  best  cutting  potential  for  a hardened  1*11*0  steel 
would  be  One. at  which  the  Influence  of  the  electrolyte  would  be  to  soften 
the  solid.  This  occurs  not  in  the  passive  region  for  1*140  in  a suitable 
electrolyte  but  In  the  active  dissolution  region  --  i.e.,  in  the  range  of 
potentials  at  which  the  surface  Is  slowly  being  dissolved.  As  indicated 
below,  this  is  consistent  with  our  present  findings,  i.e.,  superior  drill- 
ing performance  of  1*11*0  occurs  at  potentials  in  the  region  of  active  dis- 
solution. 


-600mV  +1800mV 


+1800mV  | -600mV  +1800mV  -600mV 


Curve  3 


Curve  2. 


Curve  1 +1800 


Nickel  / IN  Na2S04 
Carbide  Spade  Drill  Bit  (.077"  dia.  I 
18  lbs.  applied  force 
633RPM  , , 


TIME,  seconds 


FIGURE  2 Electromechanical  Drilling  of  Polycrystalline  Nickel 

in  IN  Na2S04. 


The  polarization  curve  for  4140  in  IN  Na2S04  is  shown  in  Fig.  5.  The 
region  o£  active  dissolution  ranges  from  the  rest  potential,  ^-700  to 
-100  mV.  At  potentials  more  negative  than  the  rest  potential,  hydrogen  ions 
are  discharged  at  the  workpiece  (cathode)  surface.  At  potentials  in-*the 
range  from  +300  to  +1500  mV,  the  surface  Is  passivated.  Figure  6 shows  the 
depth  of  penetration  of  a carbide  drill  bit  as  a function  of  time  ard  work- 
piece  potential.  Notice  first  that  potentials  in  both  the  hydrogen  discharge 
range  (-1100  mV)  and  passive  range  (+1800  mV)  are  extremely  ineffective.  On 
the  other  hand,  the  depth  of  penetration,  penetration  rate  (slope  of  the  curve) 
and  tool  life  are  far  better  at  potentials  in  the  active  range  (-600  to  -400  mV). 
These  data  serve  to  illustrate  the  importance  of  proper  selection  of  electro- 
lytes and  cutting  potentials  for  each  alloy  of  interest.  Clearly,  the  cutting 
potentials  which  are  effective  for  nickel  and  nickel -base  alloys  are  not  suit- 
able for  iron-base  alloys. 

We  have  also  explored  the  benefit  of  thermoelectric  compensation  in  dril- 
ling 4140  with  carbide  bits.  Although  this  work  was  not  emphasized  or  pursued 
to  completion,  it  was  clear  that  thermoelectric  wear  occurs  in  this  system  and 
may  be  controlled  by  the  application  of  external  currents.  We  have,  therefore, 
applied  external  currents  of  up  to  80  mA  to  the  cutting  tool  via  a brush;  this 
brush  is  insulated  from  the  machine,  but  it  makes  contact  with  a brass  slip 
ring  on  the  chuck  of  the  drill  press. 

Electromechanical  Turning  of  4 1 40  Steel 

Specimens  of  4140  round  stock  supplied  by  Rock  Island  Arsenal  were  cut 
into  12-inch  lengths  and  fitted  with  a nylon  insulating  sleeve  at  the  head 
stock  end  and  a recessed  nylon  insulating  plug  at  the  tail  stock  end.  The 
specimen  center  at  the  head  stock  end  was  fitted  with  a rotating  probe  in 
order  to  establish  electrical  contact.  A photograph  of  the  workpiece  show- 
ing this  insulation  is  provided  in  Fig.  7. 

Instrumentation  was  the  same  as  that  used  for  the  first  tests  (Phase  l) 
with  the  shaper.  Strain  gages  were  affixed  to  the  cutting  tool  holder,  and 
their  output  signals  were  amplified  and  recorded  as  tool  deflection  (in  micro- 
strains) on  a strip  chart  recorder.  Inasmuch  as  turning  operations  do  not 
lend  themselves  to  submersion  of  the  workpiece,  a flood  system  was  used  to 
apply  the  electrolyte  to  the  cutting  tool  and  specimen  (see  Fig.  8).  The  cut- 
ting tools  used  were  throw-away  inserts  — V/R  Wesson  type  Ramet  1 carbide. 

Tool  geometry  and  cutting  speed  and  feed  were  selected  from  the  Machining  Data 
and  Engineering  Guidelines  (Revised)3  as  the  starting  point  for  turning  4 1 40 
steel  under  EMM  conditions.  The  selected  parameters  were: 


3 Machining  Data  and  Engineering  Guidelines  (Revised),  Technical  Report 

SWERR-TR- 72-60,  Research  Directorate,  General  Thomas  J.  Rodman  Laboratory, 
Rock  Island  Arsenal,  October  1972. 

* Measurements  were  made  relative  to  a standard  calomel  electrode  (SCE)  by 
means  of  a Luggin  probe  assembly. 
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CURRENT  DENSITY  - MIUIAMPERES/  CM' 


FIGURE  5 


Polarization  Curve  for  4 1 40  in  IN  Na2S04at  Room 
Temperature.  Stars  indicate  applied  potentials 
of  interest  to  Figure  6. 
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Back  rake  angle  -5° 

Side  rake  angle  -5° 

End  relief  angle  5° 

Side  relief  angle  5° 

Side  and  end  cut- 
ting edge  angle  15s 

Nose  radius  1/32" 


Speed:  500-535  fpm 

Feed:  .007  ipr 


Because  of  the  kinetics  involved  during  turning,  it  was  suspected  that 
the  polarization  curve  could  possibly  shift  from  the  configuration  found 
during  a static  determination  of  the  curve.  Therefore,  a new  polarization 
curve  was  plotted  under  dynamic  conditions,  i.e.,  with  the  workpiece  turn- 
ing but  not  being  cut  (Fig.  9) • These  curves  were  then  used  as  a guide 
during  EMT  operations  In  a flood  of  sodium  sulfate.  The  applied  potentials 
utilized  during  this  phase  of  testing  were: 


-300  mV 

+ 1800 

mV 

-600  mV 

+2000 

mV 

-1200  mV 

Dry  - 

no  coolant 

+600  mV 

on  - 

water  soluble 

+900  mV 

A total  of  81  tests  were  made  at  these  potentials,  and  the  recordings  were 
averaged  for  each  potential.  This  series  resulted  in  the  graph  shown  in 
Fig.  10.  It  should  be  noted  that  the  handbook  recommends  that  with  the 
use  of  carbide,  generally  no  cutting  fluid  should  be  used.  Relative  to 
oil.  Fig.  10  shows  that  as  far  as  force  is  concerned,  this  recommendation 
is  valid.  That  graph  also  shows  a vivid  picture  of  the  effect  of  EMM 

compared  to  both  dry  and  coolant  methods  of  cutting.  Although  the  4-600  mV 
potential  is  Indicated  as  the  most  advantageous  point  at  which  to  operate 
EMM  at  this  time,  optimizing  the  system  could  shift  this  point  to  a lower 
potential . 

A representative  sample  of  recordings  made  at  +600  mV,  dry,  and  using 
water  soluble  oil,  is  shown  in  Fig.  11.  Figures  10  and  11  indicate  that 
the  tool  deflection  at  +600mV  potential  is  22%  less  than  that,  at  +900mV 
potential,  33%  less  than  dry  cutting  and  38%  less  than  cutting  with  water 
soluble  oil.  Therefore,  it  is  clear  in  turning  as  in  drilling  and  shaping 
operations  that  electromechanical  assistance  is  beneficial. 
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Current  - mA 


FIGURE  9 


_ 


Polarization  Curves  for  Static  and  Dynamic  EMT 
Workpieces  of  41140  in  NazSOi,. 
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POTENTIAL,  mV 


FIGURE  10  The  Dependence  of  Tool  Deflection  on  Applied 

Workpiece  Potential  During  EMT  of  41 40  Steel 
in  IN  Na2S04. 
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TOOL  DEFLECTION 


v 15  Divisions 
\_\  _ x 4.58/x/s  - 69 

■hi <Jecrease * °w 

: '■">  33%  decrease  - dry 


FIGURE  1 1 


Recorder  Traces  Showing  Tool  Deflection  Experienced 
in  Turning  4140  Steel  Under  Various  Conditions 
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Design  and  Construction  of  EMM  Control  Console  for  Delivery  to  Rock 

Island  Arsenal 

The  EMM  control  console,  Fig.  12,  has  been  assembled.  This  console 
includes  one  10-amp  potentiostat,  a power  supply  and  a related  panel  for 
control  of  thermoelectric  currents.  The  control  console  is  undergoing 
final  testing  in  actual  use. 

A preliminary  set  of  operating  instructions  for  turning  and  drilling  has 
been  written  and  has  been  supplied  with  the  control  console.  This  manual 
covers  the  set  up  and  use  of  the  console  as  applied  to  EMM  and  provides  a 
set  of  operation  and  maintenance  instructions  on  the  potentiostate  and  power 
supply.  A written  description  of  the  technique  for  drilling  and  turning  has 
been  completed  along  with  the  operating  instructions  of  the  equipment. 

It  should  be  recognized  that  the  control  console  does  not  include  moni- 
toring equipment  such  as  X-Y  and  strip  chart  recorders  (which  have  been  used 
in  EMD  and  EMT  operations,  respectively).  Such  equipment  may,  however,  be 
interfaced  with  the  electronics  included  in  the  console.  All  other  electro- 
chemical gear  (probes,  reference  electrode,  etc.)  has  been  delivered  to  the 
Arsenal  with  the  console. 

SUMMARY  AND  RECOMMENDATIONS 

Extension  of  the  electromechanical  approach  to  metal  cutting  machinery 
and  alloys  more  typical  of  manufacturing  environment  has  been  achieved. 
Electromechanical  turning  and  drilling  of  polycrystalline  nickel  and  CG27, 
an  i ron -nickel -base  superalloy,  have  been  successfully  demonstrated.  A pro- 
totype EMM  console  was  designed,  built  and  delivered  to  Rock  Island  Arsenal 
with  an  EMM  operation  and  maintenance  manual  for  turning  and  drilling.  These 
achievements  provide  the  background  for  broadening  the  EMM  scope  of  activity 
in  practical  machining  applications. 

It  is  recommended  that  EMM  be  applied  in  the  manufacture  of  a selected 
weapon  component,  such  as  a howitzer  recoil  piston  rod,  and  that  the  cutting 
parameters  (feed,  speed,  etc.)  and  electrolytic  parameters  (electrolyte, 
potential,  etc.)  be  optimized  to  improve  cutting  time,  tool  life  and  surface 
integrity.  Technically,  in  applying  EMM,  emphasis  should  be  placed  on  taking 
advantage  of  the  reduced  cutting  forces  and  improved  surface  finishes  which 
the  process  provides.  EMM  should  be  applied  to  turning  of  long,  cylindrical 
workpieces,  such  as  recoil  cylinder  piston  rods,  which  are  not  inherently 
stiff,  and  which  presently  require  multiple-step,  rough,  semi-finish  and 
finish  turning. 

Trends  in  the  developments  of  work  materials,  cutting  tools  and  coolants 
continue  to  indicate  that  wide  spread  adaptation  and  use  of  the  EMM  process 
is  almost  inevitable.  Because  of  the  low-energy  process  input,  less  than 
2 amperes,  or  2 volts,  required  to  reduce  cutting  forces,  up  to  k0%,  and 
because  of  the  resulting  improved  tool  life,  surface  finishes  or  machining 


rates,  obvious  cost  benefits  cannot  be  ignored.  However,  continued  develop- 
ment will  be  required  to  improve  optimal  use  of  EMM  as  related  to  different 
kinds  of  work  materials. 
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